ABSTRACT. Interacting forces of climate change and increased human activity in the Arctic are driving rapid changes in ecosystem structure, function, and biodiversity. One such change is the northern range expansion of tree species. We present the first account of the boreal tree species trembling aspen (Populus tremuloides, Salicaceae) growing beyond the latitudinal treeline in the northern foothills of the Brooks Range, Alaska. The four trembling aspen stands described in this paper are located on abandoned gravel roads or pads created for construction purposes. We hypothesize that gravel pads create islands of substrate suitable for tree growth within the Arctic by providing greater rooting depth, well-drained microsites, an extended growing season, and acid-buffering capacity. Further, traffic along the south-to-north oriented Dalton Highway from the boreal forest in Interior Alaska to the Arctic may aid seed dispersal across the topographic barrier of the Brooks Range. Therefore, increased development in the Arctic will likely accelerate the establishment of trees as climate becomes more favorable for tree growth. Tree colonization associated with infrastructure development would contrast sharply with prior conceptual models of gradual treeline advance following disturbance.
INTRODUCTION
The latitudinal treeline represents the northern edge of the ecotone between boreal forest and Arctic tundra. Conditions beyond the treeline prevent the growth, survival, and reproduction of trees : continuous permafrost limits the depth of the active layer where plants can root, and temperature restricts plant growth by suppressing rates of nutrient cycling (Shaver and Chapin, 1980) . For these reasons, Arctic tundra vegetation is dominated by short-statured taxa, including shrubs, forbs, graminoids, bryophytes, and lichens.
Arctic plant communities, however, are undergoing rapid change due to the interacting forces of climate change and increased human activity in the region. In the last halfcentury, the Arctic warmed by 2˚C, twice the average global rate (Stocker et al., 2013) . This warming coincides with increased woody shrub cover (Tape et al., 2006; Myers-Smith et al., 2015) . The latitudinal treeline is also predicted to advance northward (Everett and Fitzharris, 1998; Pearson et al., 2013) ; however, observed rates of treeline advance have been slower than those predicted (Skre et al., 2002; Harsch et al., 2009; Hofgaard et al., 2013) . In addition to warming, disturbance may be necessary to facilitate treeline advance by exposing new seedbeds, degrading shallow permafrost, and improving drainage, thereby creating opportunities for establishment in an ecosystem where recruitment is otherwise rare (Landhäusser and Wein, 1993; Lloyd et al., 2002; Chapin et al., 2014) .
Infrastructure development associated with oil extraction is a disturbance that alters the physical and chemical characteristics of plant habitat. For example, road construction in the Arctic increases active-layer thaw depth, lengthens the snow-free growing season, and raises pH in highly acidic soils (Walker and Everett, 1987; Auerbach et al., 1997; Walker et al., 2003; Myers-Smith et al., 2006) . On the Arctic Coastal Plain of Alaska, road construction has increased the frequency of thermokarst events, leading to reduced cover of wet sedge tundra and greater cover of woody shrubs . Tracking changes in Arctic plant communities, particularly in woody species with high primary production rates, is vital for modeling vegetation feedbacks to biogeochemical cycles and climate change (Myers-Smith et al., 2011) .
In northern Alaska, the treeline at present occurs at 67.9˚ N in the southern Brooks Range (Wilmking et al., 2004) . However, small stands of balsam poplar (Populus balsamifera) exist throughout Arctic Alaska, isolated from the species' continuous range to the south by more than 50 km (Bliss and Cantlon, 1957; Viereck, 1979) . Such stands often occur in floodplains of large, spring-fed braided rivers and aufeis deposits, where "thaw bulbs" provide an active layer deeper than that in the surrounding tundra for sufficient rooting depth (Bockheim et al., 2003) . Balsam poplar also occasionally occurs on steep south-facing slopes, near warm-water springs, and in sites sheltered from high winds and extreme winter temperatures (Breen, 2014) . Point localities of extralimital stands of balsam poplar are reported from Alaska, Yukon (Breen, 2014) , and the Northwest Territories (Saarela et al., 2012) .
Published accounts of other boreal tree species occurring naturally in Arctic Alaska are limited to white spruce (Picea glauca). Notably, Cooper (1986) reports white spruce from beyond the treeline in the Arrigetch Peaks Region of the Brooks Range and provides a review of past observations of northern spruce populations. However, the only published report of white spruce growing north of the Brooks Range refers to a single sapling growing adjacent to the Dalton Highway, a public road that spans the latitudinal treeline, running from south to north between Alaska's forested Interior and Prudhoe Bay on the Arctic Coastal Plain (Elsner and Jorgenson, 2009 ).
Trembling aspen has the largest range of any tree species in North America, which underscores its adaptability to a variety of climate and edaphic conditions. In the Northwest Territories, trembling aspen has been shown to invade tundra gradually via seed dispersal following fire (Landhäusser and Wein, 1993) . However, there are no previous published reports of trembling aspen in the tundra of the Alaskan Arctic, where the Brooks Range provides a topographic barrier to seed dispersal (Rupp et al., 2001 ). Here we present the first account of trembling aspen growing beyond the latitudinal treeline in the northern foothills of the Brooks Range in Arctic Alaska (Fig. 1) .
OBSERVATIONS OF POPULUS TREMULOIDES
IN ARCTIC ALASKA
Dalton Highway Spur Road
Two individual trembling aspen saplings, each comprising multiple stems, occur on an abandoned gravel spur road at approximately mile 283.5 of the Dalton Highway ( Fig. 2a; 68.6113˚ N, 149.5491˚ W). Each stand has 10 -20 stems that are less than a meter tall. We presume that the multiple stems of these immature stands are clonal. A pressed voucher is deposited in the Herbarium at the Museum of the North, University of Alaska (ALA Accession No: V172804, collected August 2008). The trees are growing in a disturbed gravel substrate that is barren except for a few other early successional willow and graminoid species.
University Toolik Camp
Several small stands of trembling aspen occur on an abandoned gravel pad that was the site of the decommissioned Alyeska Toolik Camp at the abandoned site of the University Toolik Camp near the current location of the Toolik Field Station in the northern foothills of the Brooks Range ( 
Kuparuk River
A large stand of trembling aspen was discovered in July 2015 growing near the Kuparuk River crossing of the Dalton Highway ( Fig. 2b; 68.6473˚ N, 149.3995˚ W). This stand is also located on an abandoned gravel pad previously used for construction and maintenance of the Trans-Alaska Pipeline. The stand covers approximately 25 m 2 , with an understory typical of disturbed sites in the region, containing Chamerion angustifolium, Vaccinium vitis-idaea, and a variety of graminoid species. Of the approximately 150 trembling aspen stems, about 90% are less than 0.75 m in height, though the tallest stem is 2 m high. Eight bud scars are evident on this largest stem, indicating it has been growing for at least nine years. As with the other stands described, reproductive structures were absent, and the shorter stems show extensive dieback.
Oksrukuyik Creek
A smaller stand of trembling aspen was also discovered in July 2015, growing on an abandoned gravel pad at the end of an access road near the Oksrukuyik Creek ( Fig. 2c; 68.6746˚ N, 149.1320˚ W). This stand had a single dominant stem that was approximately 1 m tall, and a count of bud scars indicated it was at least nine years old. Numerous younger stems about 25 cm tall were growing within a 5 m radius of the dominant stem. No reproductive structures were evident.
DISCUSSION
The four trembling aspen stands described here grow on abandoned gravel roads and pads originally installed to support infrastructure development along the Dalton Highway (Fig. 1) . Such pads underlie all structures and roads in Arctic Alaska in order to prevent the thermal erosion of permafrost that results when surface vegetation is removed. Since human activity is most common on gravel pads, there may be an element of sample bias to these discoveries of trembling aspen in northern Alaska. However, the tundra surrounding all four trembling aspen sites is being studied intensively by scientists at the Toolik Field Station, which is the Arctic site of the U.S. National Science Foundation's Long Term Ecological Research Network, and construction crews commonly work in the tundra near the Dalton Highway between Toolik Field Station and the Kuparuk River. Therefore, it is unlikely that a stand of trembling aspen would be growing unnoticed in the tundra in these areas.
We argue that gravel roads and pads constitute islands of suitable substrate for trees within the tundra region. Gravel pads are built 2 m above the ground. Pad margins thus provide a deeper active layer and available oxic rooting depth than the surrounding upland tundra, where thaw depths average just 0.5 m and standing water is common (Walker et al., 2003) . Furthermore, the length of the growing season is extended adjacent to gravel pads by the deposition of low-albedo dust, which absorbs heat and causes early spring snowmelt (Auerbach et al., 1997) . This dust, generated by gravel mined from calcareous limestone, also serves as an acid buffer. Moist, acidic tundra, the most common tundra plant community in the northern foothills of the Brooks Range, has a soil pH that averages 4.0, which is below the ideal range for most tree species (Myers-Smith et al., 2006) . Road dust deposition on moist acidic tundra can raise soil pH from 4.0 to 6.0, which may be more favorable for trembling aspen and other tree species (Myers-Smith et al., 2006) .
The only published account of white spruce on the North Slope (other than those planted experimentally; see Hobbie and Chapin, 1998; Chapin et al., 2014) refers to a seedling on a gravel pad margin (Elsner and Jorgenson, 2009) . Several of the known Arctic stands of balsam poplar also grow on abandoned gravel roads and pads (Breen, 2014) . However, we caution that gravel pads may not be uniformly favorable for tree germination and growth, as some areas of gravel pads have low water retention and nutrient availability (Bishop and Chapin, 1989) .
As human activity in the Arctic increases along with gravel extraction and road construction, so too does the probability of tree colonization. Infrastructure development provides both favorable substrate and a viable mode of dispersal. For example, trembling aspen produces small, lightweight seeds that may unintentionally be transported north from the boreal forest within tire grooves or footwear (Ware et al., 2012) . Climate change models have suggested that the Brooks Range would block tree advance into the Arctic for 3000 -4000 years after climate becomes favorable for tree growth there (Rupp et al., 2001 ). Human-aided dispersal, however, would circumvent this topographic barrier. Furthermore, human disturbance facilitates germination and establishment of trembling aspen seeds in the boreal zone, and it could have similar effects in the Arctic (Landhäusser et al., 2010) . Also, we cannot rule out that legacy gravel pads were constructed with fill originating from the boreal forest south of the Brooks Range and could have been contaminated with tree seed. This scenario is less probable, however, as trembling aspen seed viability is limited to 2 -4 weeks after maturity (Zasada and Densmore, 1977) .
If human activity along the Dalton Highway proves to be an important mode of dispersal, then tree colonization of the Arctic may take the form of trees' establishing (as in the four locations described here), growing to sexual maturity, and spreading through seed from gravel pads, rather than a gradual advance of the latitudinal treeline (Fig. 3 ). This new model of tree establishment associated with infrastructure development contrasts with the findings of Landhäusser and Wein (1993) , who demonstrate gradual advance of the treeline following fire in the Northwest Territories. Similarly, Lloyd et al. (2002) report gradual white spruce treeline advance on Alaska's Seward Peninsula following thermokarst events, which degraded permafrost, exposed new mineral soil seedbeds, and improved drainage. Landhäusser and Wein (1993) conclude that the most effective tundra colonizers following disturbance are deciduous trees with wind-dispersed seeds, like the trembling aspen. It is unknown whether these conclusions apply to the northern Alaskan Arctic, where the Brooks Range provides a topographic barrier to natural dispersal.
We observed trembling aspen that likely were dispersed across the Brooks Range by vehicles on the Dalton Highway, though various other species may also experience human-assisted dispersal into the Arctic. Hobbie and Chapin (1998) tested germination and survivorship of seed and seedlings of five tree species in experimentally warmed plots in Arctic Alaska. However, further quantitative study, with emphasis on modes and rates of seed dispersal, is needed to predict the relative likeliness of species-specific colonization. Candidate species include those now known to exist north of the treeline in Arctic Alaska, such as balsam poplar, trembling aspen, and white spruce, as well as those that may become established by the end of the century, such as Alaska paper birch (Betula neoalaskana), black spruce (Picea mariana), or American larch (Larix laricina). Although the latter species are not yet documented north of the treeline in Arctic Alaska, black spruce occurs at the latitudinal treeline in eastern North America, species of larch (Larix gmelinii and Larix sibirica) occur at and beyond the latitudinal treeline in Asia, and a species of birch (Betula pubescens) occurs at the treeline in Scandinavia (CAFF, 2001) .
CONCLUSION
We present the first published account of trembling aspen growing beyond the latitudinal treeline in the northern foothills of the Brooks Range in Arctic Alaska. The four trembling aspen populations described in this paper are found on abandoned gravel roads and pads. We hypothesize that gravel pads constitute islands of suitable substrate for tree growth within the Arctic landscape, which otherwise limits the growth, survival, and reproduction of trees. Gravel pads provide greater rooting depth, an extended growing season, and acid buffering capacity. In addition, highway traffic across the topographic barrier of the Brooks Range may assist seed dispersal. Therefore, human activity and infrastructure development will likely accelerate the predicted colonization of trees in the Arctic as climate becomes more favorable for tree growth. The trembling aspen populations documented here are among the first examples of this trend. These stands will provide an opportunity for biogeographers and population geneticists to study populations in the early stages of range expansion. These trembling aspen also may enable ecosystem ecologists to study biogeochemical cycling associated with a novel plant species in the Arctic. We recommend that future efforts to monitor tree colonization in the Arctic focus on areas of high human activity and infrastructure development, such as gravel roads, pads, airstrips, and remote communities. Since tree colonization on a large scale will alter permafrost dynamics and carbon cycling in the Arctic, with ramifications for the global climate system, such monitoring efforts are vital.
